A short-winged morph, whose occurrence is controlled by a simple recessive Mendelian unit, was recently discovered in Locusta migratoria. The existence of trade-offs between flight capability associated with wing length and other fitness-related traits are often documented for insects. The present study investigated the evolutionary significance of the short-winged and long-winged morphs of this locust using two laboratory strains showing wing dimorphism. The life-history traits examined included nymphal development, adult body weight, percentage adult survival, age at first reproduction, egg production and hatchling body weight. The results indicate that there are no consistent morph-specific differences in any of these traits. Of the several possibilities considered, the most likely is that the short-winged morph of this locust is an aberration or represents an initial stage in the evolution of this species.
INTRODUCTION
Intra-specific wing length polymorphism and polyphenism are widespread among insects (Harrison, 1980; Dingle, 1985; Pener, 1985; Tauber et al., 1986; Roff & Fairbairn, 1991; Zera & Denno, 1997) . This widespread occurrence strongly suggests that fitness is associated with wing length. The most obvious advantage associated with this trait is flight capability, which confers advantages in terms of dispersal and finding food and mates (Rankin, 1985; Danthanarayana, 1986) . On the other hand, reduced wings result in a loss of flight capability, which appears not to be advantageous. However, insects that cannot fly sometimes have a higher fitness. Negative correlations or trade-offs between dispersal capability and reproduction are often detected (Zera & Denno, 1997; Guerra, 2011) . In individuals without flight capability, the energy otherwise allocated to construct long wings, flight muscles and production of fuel is available for reproduction. In fact, many studies have shown that the shortwinged morphs have significantly higher fecundity than long-winged morphs in many insects such as grasshoppers (Ritchie et al., 1987) , crickets (Tanaka, 1976 (Tanaka, , 1986 (Tanaka, , 1993 (Tanaka, , 1999 Roff, 1984; Mole & Zera, 1994) , planthoppers (Denno & Grissell, 1979; Denno et al., 1989) , aphids (Dixon & Howard, 1986) , seed bugs (Solbreck, 1986; Tanaka & Wolda, 1987) , water striders (Zera, 1984) , water bugs (Muraji & Nakasuji, 1988 ) and a tussock moth (Sato, 1977; Kimura & Masaki, 1977) . Furthermore, age at first reproduction is delayed in the long-winged morphs of grasshoppers (Ando & Hartley, 1982; Ritchie et al., 1987; Higaki & Ando, 2003) , crickets (Tanaka, 1976 (Tanaka, , 1986 (Tanaka, , 1993 Roff, 1984) , aphids (Dixon & Howard, 1986) , planthoppers (Mochida, 1973; Denno et al., 1989) , seed bugs (Tanaka & Wolda, 1987) , water striders (Fairbairn, 1988 ) and beetles (Utida, 1972) . Other costs associated with the long-winged morph include developmental delay (Zera, 1984; Dixon & Howard, 1986) , decreased longevity (Denno et al., 1989) and smaller offspring (Kimura & Masaki, 1977; Dixon & Howard, 1986; Solbreck, 1986; Tanaka & Wolda, 1987) .
The migratory locust, Locusta migratoria, is widely distributed in the Old World. Although as many as 10 subspecies are reported for this locust, mainly based on morphological characteristics (Uvarov, 1966; Farrow & Colless, 1980; Chen, 1999) , Tokuda et al. (2010) and Ma et al. (2012) , adopting a mitochondrial DNA analysis, suggest that this species may be divided into a southern and northern clade. The southern clade may include populations in Africa, Southern Europe, Australia, South East Asia and the Far East, whereas the northern clade consists of populations in Northern Europe, central and northern China and all regions of Japan except for Okinawa and a few locations on Honshu Island. However, all of these populations consist of long-winged individuals and, as its common name indicates, adults of this species have a high dispersal ability. Recently, short-winged adults were discovered in a Japanese strain of L. migratoria (Tanaka & Nishide, 2012a) . Wing length is controlled by a single recessive Mendelian unit and the pattern in the variation in wing length indicates a wing length dimorphism with short-and long-winged morphs. The short-winged morph has not only shorter wings but also shorter legs than the long-winged morph (Tanaka & Nishide, 2012a; Nishide & Tanaka, 2013) . The short wings of this morph appear to be due to morphogenetic differentiation rather than a failure of the wings to fully expand. This differentiation, in terms of differences in wing-pad size in the two morphs, is apparent in the penul-timate nymphal stage. The purpose of the present study is to examine the adaptive significance of the short-winged morph in this locust. We compared developmental traits, such as nymphal growth rate and adult body weight and reproductive traits, including age at first reproduction, percentage survival of adults, number of egg pods produced, number of eggs per egg pod, percentage of the eggs that hatched and hatchling body weight, of long-and short-winged morphs.
Locusts are known to exhibit density-dependent continuous variation called phase polyphenism in which various traits such as behaviour, body colour, morphology and biochemistry vary with population density (Pener & Simpson, 2009) . L. migratoria is one such locust (Faure, 1932; Uvarov, 1966; Pener, 1991) . For example, individuals of this locust reared in isolated conditions (solitarious locusts) tend to grow more slowly during the nymphal stage but reproduce earlier than those reared in crowded conditions (gregarious locusts) (Duarte, 1938) . In a previous study (Nishide & Tanaka, 2013) , we recorded the differences in the morphology of the short-and long-winged morphs of this species at low and high rearing densities and found that the shortwinged morph displays density-dependent variation similar to that recorded for long-winged individuals. In the present study, we compared fitness-related developmental and reproductive traits of the two wing morphs reared under isolated and crowded conditions.
MATERIAL AND METHODS

Insects
The short-and long-winged locusts originated from adult females collected on Tsushima Island, Nagasaki, Japan in 2009 (Tanaka & Nishide, 2012a) . Locusts were reared under either isolated or crowded conditions, as described previously (Nishide & Tanaka, 2013) . The duration of nymphal development, body weight of adults at emergence and their percentage survival over the next 30-day periods were recorded for locusts at both rearing densities. The reproductive traits, including age at first reproduction, number of egg pods produced, number of eggs per egg pod and percentage of eggs that hatched and hatchling body weight were measured by rearing each female with two males of the same wing morph of the same strain in a small cage.
As mentioned above, the Tsushima population undergoes embryonic diapause and eggs need to be chilled for a long time before the embryos will resume development. To make it easier to carry out the experiments, adults of the Tsushima population were crossed with those of an albino strain from Okinawa, and the resulting hybrid strain produced short-and long-winged albino locusts, as did their offspring (Tanaka & Nishide, 2012a ). The population from Okinawa undergoes embryonic diapause only if temperatures are low and the eggs will hatch without undergoing diapause at a high temperature of 30°C (Yamagishi & Tanaka, 2009 ). In the present study, the eggs from the crossbred locusts (called "albino strain" below) hatched without entering diapause at 30°C. All traits measured for the Tsushima strain were measured for the albino strain except for adult body weight and survival of adults. The reproductive traits, including the number of egg pods produced and total egg production, were recorded only for those females that reproduced.
Statistical analysis
The duration of nymphal development and adult body weight were analyzed using Scheffe's test after a two-way ANOVA (wing morph and rearing density as the factors). Reproductive traits of the long-and short-winged morphs were compared using Scheffe's test at a 5% level of probability. The percentage survival of the long-and short-winged morphs was compared using a chi square test at a 5% level of probability.
RESULTS
Developmental traits
In the Tsushima strain, wing morph influenced the duration of nymphal development in females (ANOVA; F = 6.03; df = 1, 273; P < 0.05). In this case, a significant difference was found only for gregarious females (Table  1 ; Sheffe's test; P < 0.05). In females, nymphal development was significantly influenced by phase (ANOVA; F = 128.28; df = 1, 273; P < 0.01) and was faster in the gregarious than solitarious locusts in both morphs (Table 1) . Similar results were obtained for males with no significant difference between the two wing morphs (ANOVA; 578 † S and G mean individuals reared at low (solitarious) and high (gregarious) rearing densities, respectively. Comparison was made for each sex and each strain. The different letters show significant differences at the 5% level based on Scheffe's test after a two-way ANOVA. Comparison of the duration of nymphal development (mean ± SD, days) of long-(LW) and short-winged (SW) individuals of L. migratoria. P > 0.05) and development was significantly faster in the gregarious than solitarious locusts in both morphs. In the albino strain, on the other hand, gregarious locusts showed a slightly smaller mean value than the solitarious locusts (ANOVA; F = 6.72; df = 1. 198; P < 0.05), although the difference was statistically insignificant in males (Table 1; ANOVA; P > 0.05). In this strain, no significant morph-specific difference was found in either phase in each sex (Table 1; ANOVA; P > 0.05) and there was no phase-wing morph interaction in this or the other strain (ANOVA; P > 0.05).
Body weight at adult emergence was recorded only for the Tsushima strain. Wing morph did not significantly influence adult body weight in females (ANOVA; P > 0.05). In males, the corresponding difference was significant (ANOVA; F = 7.14: df = 1, 363; P < 0.05), but a significant morph-specific difference was recorded only for the gregarious males (Table 2, Sheffe's test; P < 0.01). Solitarious females were significantly heavier than gregarious females in both morphs. In males, there was no significant difference between the long-winged morphs, but solitarious individuals were significantly heavier than gregarious ones in the short-winged morph (Table 2; Sheffe's test; P < 0.01).
Reproductive traits
The age at first reproduction was compared between the two wing morphs only for gregarious females that were each kept with two males of similar age after adult emergence. In both strains, no morph-specific difference was recorded (Table 3 , Scheffe's test, P > 0.05). The percentage survival over the first 30 days after adult emergence was similar between the two wing morphs except for the gregarious females, which suffered a higher percentage mortality than the short-winged morph (Table 4 , chi square test, P < 0.05). The mean number of egg pods deposited during the entire adult stage was approximately 3 or 4 for the Tsushima strain and 6 or 7 for the albino strain, but these differences between the two strains were not statistically different (Scheffe's test, P > 0.05). The difference between the two wing morphs in each strain was not significant (Table 5 , Scheffe's test, P > 0.05). The number of eggs per egg pod (Table 6 ) and life time fecundity for females (Table 7) were similar between the two wing morphs (Scheffe's test, P > 0.05). This was also the case when the results for the females that did not lay any egg-pods or eggs were included in the analysis (data not shown; Scheffe's test, P > 0.05). The percentage of eggs that hatched of the two wing morphs in both strains did not differ significantly (Table 8) . It was higher in the albino than in the Tsushima strain in both wing morphs (Scheffe's test, P < 0.01). Hatchling body weight for the short-winged morph was significantly lower than that for the Tsushima strain. However, the inter-morph difference was not significant in the albino strain (Table 9) . 579 † S and G are individuals reared at low (solitarious) and high (gregarious) rearing densities, respectively. Comparison was made for each sex and each strain. The different letters show significant differences at the 5% level based on a Scheffe's test after a two-way ANOVA. 
DISCUSSION
The present study indicated that most developmental and reproductive traits examined were similar in the short-and long-winged morphs of L. migratoria. The duration of nymphal development was significantly shorter in the long-winged morph than the short-winged morph of gregarious females in the Tsushima strain. However, the fact that this was not the case in the albino strain may suggest that the difference recorded for the Tsushima strain is not morph-specific. Body weight at adult emergence tended to be lighter in the short-winged than the long-winged morph in the Tsushima strain, although the inter-morph difference was statistically significant only for gregarious males. Unfortunately, adult body weight was not measured for the albino strain in the present study. In a previous study using the same strains of L. migratoria, no significant inter-morph difference was recorded in head width, but other traits such as leg lengths and wing weight were consistently lower in the short-winged morph (Nishide & Tanaka, 2013) . None of the reproductive traits compared in the present study showed a consistent morph-specific difference in the two Data are based only on those females that produced at least one egg pod. n.s. indicates no significant difference at the 5% level using Scheffe's test. Data include all the females tested. n.s. indicates no significant difference at the 5% level based on a Scheffe's test. The differences were analyzed using Scheffe's test. n.s. indicates no significant difference at the 5% level. strains tested. Flight experience influences ovarian development in some insects (McAnelly & Rankin, 1986; Guerra & Pollack, 2009 ). In L. migratoria, however, the pre-ovipositional period was similar for female adults housed in large and small cages in which flight was possible and not possible, respectively . Hatchling body weight was significantly lower in the short-winged morph than the long-winged morph of the Tsushima strain, but the difference was not significant for the albino strain, indicating that the difference recorded for the Tsushima strain may not be morph-specific.
The results for the short-winged morph of L. migratoria are in sharp contrast with those for many other species of insects for which there are negative correlations or trade-offs between flight capability and other fitnessrelated traits (Harrison, 1980; Zera & Denno, 1997) . The absence of differences in fitness-related traits of shortand long-winged morphs of L. migratoria might be explained in several ways. One explanation is that there is a yet to be discovered fitness-related trait associated with short wing lengths. A second possibility is that the energy cost of constructing long wings and legs is not large enough to have an effect on other traits. The third possibility is that this short-winged morph is just an aberration, but might represent an initial stage in the evolution of wing dimorphism in this locust and currently there is no genetic correlation with any other trait. As mentioned earlier (Tanaka & Nishide, 2012a) , the short-winged morph of this locust was discovered in laboratory lines that were originally derived from a Tsushima population. Because this wing morph is controlled by a simple recessive Mendelian unit, we cannot exclude the possibility that mutation leading to the appearance of the short-winged morph occurred in the laboratory, as suggested for the shortwinged morph of Oncopeltus fasciatus (Klausner et al., 1981) and Spilostethus pandurus (Solbreck & Anderson, 1989) . However, Tanaka & Nishide (2012a) mention that this recessive gene is probably present in natural populations and manifested in the laboratory because of inbreeding. Tanaka & Nishide (2012b) record another unusual phenotype, green hatchling colour in the 2nd generation of an inbred L. migratoria colony.
There are no records of short-winged specimen occurring in natural populations in the original habitat on Tsushima Island, even after intensive search in 2009 (ca. 250 individuals, Tanaka & Nishide, 2012a) and 2012 (ca. 300 individuals, Tanaka S. & Tokuda M., unpubl. observ.). Among 31 egg pods, each produced by a different female collected on Minami-Daito Island, Okinawa, Japan in 2012, however, one egg pod gave rise to 2 males that had short wings (5.1%, total n = 39; Nishide Y. & Tanaka S., unpubl. observ.). The ratios of fore wing length to head width of 4.50 and 4.53 for these two males are small, indicating that they can be categorized as short-winged based on the criterion (< 5.25 in males) used by Tanaka & Nishide (2012a) . Thus, it is highly likely that the short-winged morph of L. migratoria occurs in the field. The recessive nature, together with the lack of flight capability with little or no adaptive correlation with other traits, might explain why the shortwinged morph is not common in nature, although it might persist because it is not easily eliminated. Roff (1986) proposed that the first step in the evolution of the short-winged morph in insects is inhibition of the tendency to disperse in some individuals of a long-winged population, which is subsequently followed by degeneration of the flight muscles and finally a reduction in wing length. He cites the milkweed bug, O. fasciatus, as an example of the first step, in which genetic variation in dispersal ability occurs in this long-winged species (Dingle, 1978 (Dingle, , 1980 . A second step is that flightless long-winged individuals lose the functional flight muscles, resulting in dimorphism in terms of the development of flight muscles. Flight muscle dimorphism occurs in weevils (Jackson, 1933) , chafer beetles (Tada et al., 1994) and silphine beetles (Ikeda et al., 2007) . There are many examples of insects with reduced wings in which both dispersal and flight muscle development are inhibited (Roff, 1986) , although nothing is known about how these short-winged morphs have evolved. In the cricket, Teleogryllus derelictus, however, these three steps appear to occur at the same time; flight muscle mass at adult emergence is closely correlated with wing length and there is continuous variation in both these traits (Tanaka et al., 2001 ). Only individuals with long wings are capable of flying and rapid flight muscle histolysis occurs shortly after adult emergence in flightless individuals with short or medium-sized wings. Similar variation occurs in a Tennessee population of the field cricket, Gryllus rubens (Tanaka S., Takeda M. & Arai T., unpubl. observ.). Roff's hypothesis (1986) does not account for the situation in the short-winged morph of L. migratoria, because the short-winged morph of this locust maintains functional flight muscles for at least 30 days after adult emergence, which is similar to that recorded for long-winged adults (Nishide & Tanaka, 2013) . The results presented for L. migratoria might indicate another possible pathway for the evolution of the short-winged morph in insects.
